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Considerable i n t e r e s t  has r ecen t ly  been aroused by the sug- 

gestion by Diclie et al. (') that radiation emitted during a contracted 

s tage  of the universe  may still  e x i s t  i n  the form of quasi-thermal 

microwaves, and by the reported discovery of t h i s  rad ia t ion ,  first 

by Penzias and Wilson(2), and recent ly  by R o l l  and Wilkinson (3 1 . 
Penzias and Wilson give a br ightness  temperature of 3.5 f 1.0 OK a t  

3 wavelength of 7.35 ~ m ( ~ ) ,  w h i l e  R o l l  and Wilkinson report 

3 . 0 . f  0.5 K a t  3.2 cm. 0 

2- 2 L :: 

W Z 3 A  
L U C  Q I 'J ? sr It may be possible  to  make f u r t h e r  observat ions of t h i s  f a i n t  

effect through the atmospheric window around 8 mm, but  s t i l l  shor t e r  

wavelength measurements f r o m  the qround are excluded by the atmospheric 

opac i ty  of oxygen and w a t e r  vapor. I f  the r ad ia t ion  has  a thermal 

charac te r ,  however,' t he  f l u x  peaks near  a wavelength of 1 nun, and 

impor tance a t  taches t o  measurements i n  t h i s  region. 

It is the  purpose of t h i s  note  (a) to s h o w  t h a t  i n  a l l  l i k e l i -  

hood t h e  r o t a t i o n a l  temperature of the  i n t e r s t e l l a r  CN vio le t  band, 
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. 
f i r s t  estimated by M c K e l l a r  (4) ('1 over twenty-five years  ago to  be 

2.3 K, c o n s t i t u t e s  a good measurement of t h e  cosmic noise  a t  2.63 nun 

i f  the  CN exists i n  normal non-ionized H I regions,  b u t  t h a t  i n  ionized 

0 

H I1 regions c o l l i s i o n s  may s u b s t a n t i a l l y  con t r ibu te  to the r o t a t i o n a l  

temperature; and (b) to  report a new measurement of t h e  CN tempera- 

t u r e  that w e  have made r ecen t ly  with the McMath Solar Telescope of t he  

K i t t  Peak National Observatory. This measurement, which w a s  made with 

the  h e l p  of W.C. Livingston and C.R. Lynds, g ives  T = 3.75 f 0.40 K -  

for the  i n t e r s t e l l a r  l i n e s  seen aga ins t  the  s ta r  C Ophiuchi . 
0 

(6) 

The resonance l i n e s  of a number of atoms, and of the molecules 

+ CH, CH , and i n  a few cases CN, are observed i n  the i n t e r s t e l l a r  

medium. The' resonant R(0) l i n e  of the  CN v i o l e t  t r a n s i t i o n  

X 2 +  - B 2 +  a t  3874.6 A w a s  observed by Adams(7) and Dunham (*) aga ins t  

seven stars i n  t h e i r  extensive survey of i n t e r s t e l l a r  l i n e s .  Against 

C Ophiuchi the s e n s i t i v i t y  was s u f f i c i e n t l y  high t o  show i n  add i t ion  

the  R ( 1 )  l i n e  j u s t  to the b l u e  a t  3874.0 A .  The l o w e r  l e v e l  of th i s  

t r a n s i t i o n  i s  the J = 1 r o t a t i o n a l  level of the  e lec t ronic-v ibra t ion  

-1 ground s t a t e  which i s  3.80 an above the J = 0 leve l .  I f  t h e  l i n e s  

are unsaturated the r o t a t i o n a l  temperature is found d i r e c t l y  f r o m  

t h e  ra t io  of the  R ( l )  t o  the  R(0) l i n e  i n t e n s i t y .  

Fig. 1 shows a composite of t w o  spectra of 5 Ophiuchi taken on 

Feb. 2 and 3, 1966 using the  Solar Telescope and i t s  v e r t i c a l  spectro- 

graph i n  second order. An image i n t e n s i f i e r  tube w a s  employed which 

allowed the  exposure time i n  e i t h e r  case t o  be r a t h e r  s h o r t  -- about 

f o r t y  minutes . (9) 
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Measuring the ra t io  of the equivalent width of the  R ( 0 )  to the R ( 1 )  

l i n e  to be r = 2.15 f 0.65 we c a l c u l a t e  the r o t a t i o n a l  temperature 

t o  be 

= 3 . 7 5  f 0.50  OK I 
kdn (2r) T =  

(lo). Since cps i s  the  r o t a t i o n  cons tan t  for CN 10 where B = 5.70 x 10 

only .Cn 2 r  appears i n  (1) t h e  r o t a t i o n a l  temperature is r a t h e r  w e l l  

determined i n  s p i t e  of t h e  m o d e s t  signal-to-noise ra t io  of Fig. 1. 

The temperature w e  f ind  is i n  reasonable agreement with t h e  measure- 

ment of F i e l d  and Hitchcock(6), and the rad io  r e s u l t s ,  as shown i n  

F i g .  2. 

No g r e a t  importance i n  the  past w a s  a t tached t o  the  observed 

CN r o t a t i o n a l  temperature because a number of non-thermal processes 

exist i n  the  i n t e r s t e l l a r  m e d i u m  which can excite molecules t o  higher 

r o t a t i o n a l  states. On the  othek hand CN w i l l  be a good thermometer 

a t  2.63 mm for  thermal rad ia t ion  a t  a l e v e l  of a few degrees Kelvin 

if the r a d i a t i v e  lifetime of the  J = 1 state  i s  s h o r t  compared to  the 

t i m e  a molecule w i l l  rest i n  the ground s ta te  before  non-thermal exci- 

t a t i o n  to  any h igher  ro t a t iona l ,  v ib ra t iona l ,  or e l e c t r o n i c  leve l .  W e  

w i l l  now show t h a t  t h i s  condition is  f u l f i l l e d  i n  typ ica l  H I regions 

f o r  o p t i c a l  f luorescence and c o l l i s i o n s  with H atoms, bu t  i s  probably 

no t  f u l f i l l e d  i n  H 11 regions i f  the  dens i ty  is  as high as l / c m  . 3 

Radiative Lifet ime of the  CN Rotational Levels 

The l i f e t i m e  of the  r o t a t i o n a l l e v e l s  of a po la r  diatomic molecule 
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is given by 

where is the d ipole  moment i n  e s u ,  and B is the  r o t a t i o n  constant  

i n  cps. Since the  2 e l ec t ron ic  ground state of CN is a good example 

of Hund.',s case (b) 8 t h e  f i n e  s t r u c t u r e  of t h e  r o t a t i o n a l  levels is 

small and need not  be considered. 

The d ipole  moment of t h e  CN ground s t a b  has no t  been measured. 

An estimate of  0.2 D f o r  the d i p o l e  moment of the f i r s t  exc i ted  211 

state, however, has recent ly  been obtained f r o m  pressure broadening of 

microwave t r a n s i t i o n s  observed i n  a CN flame (ll). If the red CN band, 

t he  t r a n s i t i o n  X C -. A 11 consists of breaking the t r i p l e  bond and 

t r ans fe r r ing  the e l ec t ron  to a Q orbital a t tached  to t h e  carbon a t o m ,  

it can be argued t h a t  the  smallness of  the 

2 +  2 

2 II dipole  moment is evi-  

dence t h a t  the moment of the  ground state is la rge ,  a t  least as l a r g e  

as 1 Debye. The only r e l i a b l e  t h e o r e t i c a l  method f o r  obtaining 

however, is to  do the  f u l l  molecular orbital ca lcu la t ion ,  which might 

be expected to g ive  51 to an accuracy of  perhaps 2096(12). The d ipole  

moments of OH and CH have recent ly  been measured to good prec is ion  

by Phelps and Dalby (13) by observing the  o p t i c a l  first order  Stark 

effect; t h i s  technique is probably of i n s u f f i c i e n t  r e so lu t ion  for CN 

where the  Stark e f f e c t  is second order . (14) , 

I f  we write i n  Debye, (2) becomes 

TJ = S A  x io G"i> (yL) 
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Table  I gives the  lifetimes i n  seconds of the J = 1 level for 

various values of ~1 from 0.1 to 2.0 D. 

TABLE I 

I ’  ~1 (Debye) 0.1 0.2 1.0 2.0 

4 
T~ (set) 1.74 x 10 1.74 lo5 4:35 x 10 

6 4.35 x 10 
7 

Resonance Fluorescence * 

I 
I 

I 

Both the  red and violet bands of cbl have been extensively studied 

i n  the laboratory,  and it is therefore  possible to c a l c u l a t e  t he  pro- 

I b a b i l i t y  for resonance fluorescence of CN i n  the i n t e r s t e l l a r  m e d i u m  
I 
I if the  black-body temperature and d i l u t i o n  factor of s t a r l i g h t  are 

known. 

and tha t  of the  v i o l e t  band (16) 0.027 * 0.003. 
The f value for the r e d  band (”) is measured to be 0.0034, 

The time a molecule w i l l  rest i n  the ground state before 

fluorescence occurs is 

where is the wavelength of the t r a n s i t i o n ,  and 5 and T are the 

d i l u t i o n  factor and e f f ec t ive  temperature of starl ight.  

-15 ‘Taking X = 3874 A ,  5 = 1 x 10 8 and T = 1 x lo4 OK, we f i n d ’  

for the  v i o l e t  band, i n  which fluorescence is m o s t  l ikely to  occur, 

9 t h a t  T~~ = 3.3 x 10 sec. This is about 200 times longer than the 
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mately by 

TH w l/nvo (5) 

, 

! 

l i f e t i m e  of the  J = 1 state i n  the unfavorable case where ~1 - 0.1 D, 

and i t  i s  therefore improbable that fluorescence can account for 

the observed r o t a t i o n a l  temperature. 

The time between c o l l i s i o n s  w i t h  n e u t r a l  atoars is given approxi- 

w h e r e  v is the mean ve loc i ty ,  and Q is the  cross sec t ion  for ro ta -  

t i o n a l  exc i t a t ion .  From microwave pressure broadening s t u d i e s  we 

expect a to be about 1 x an2. Taking n - 1 a t d m  3 8 t yp ica l  

of non-ionized i n t e r s t e l l a r  regions,  and v = 1 x 10 5 cm/sec, (5) 

g ives  T m 1 x 10 9 sec, again considerably longer  than any of the 
H 

lifetimes listed i n  Table I. 

by atoms'contr ibutes  t o  t h e  r o t a t i o n a l  temperature only i f  the CN 

exists i n  regions w h e r e  t he  neu t r a l  particle dens i ty  is i n  the range 

lo2  - 10 /an 8 depending on the  exact value of u. 

It is  clear tha t  r o t a t i o n a i  e x c i t a t i o n  

4 3  

When w e  tu rn  t o  ionized €I I1 regions the s i t u a t i o n  is far  less 

favorable due to the long range of the Coulomb force. The various 

cross-sect ions for exc i t a t ion  of CN have no t  been measured, b u t  may 

be ca lcu la t ed  approximately, or estimated from the r e s u l t s  of raeasure- 

ments on s i m i l a r  diatomic molecules. 

- 6 -  



W t a t i w  bv s i n  H I1 R e a i o g a  

A 1  though considerable experimental (”) (18) and theoretical study 

has been devoted to  the ro t a t iona l  exc i t a t ion  by e lec t rons  of homo- 

nuclear molecules (mainly €I and N ) ,  there has been l i t t l e  work  on 2 2 
t h e  e x c i t a t i o n  of polar molecules, Some  time ago Massey ( 2 0 )  ca lcu la ted  

using the Born approximation t h a t  the cross-section for e x c i t a t i o n  of 

a symmetric t o p  i n  the J = 0 ground state is  

3 2 2  
.tn(2E/hB) 0 

8n m e  
h2 . E u =  

where E is the e l ec t ron  energy, and B is the r o t a t i o n  constant i n  cps. 

This relation i s  v a l i d  3x8 long as 

a t  least represent  an upper’l irnit  for c~ large.  

<S L,3 x 10 -18 = 1.2 8, but ohouid 

It i s  i n  rough accord 

w i t h  t h e  f r a c t i o n a l  energy loss observed for polar molecules i n  e l ec t ron  

swarm experiments (18). Taking E = 1 v o l t ,  t yp ica l  of H I1 regions, 

and wr i t i ng  i n  Debye, ( 6 )  gives u = 5 x 10  g an . The ratio -15 2 2 

of the lifetime of the J = 

‘err that  excite ro t a t ion ,  

1 state, T ~ ,  to  t h e  time between c o l l i s i o n s  

i s  then given by (5) and (3) as 

\ -2 = 5 x 1 0  n ,  ‘1”er 

w h i c h  is independent of the  dipole moment. 

proaches 20 electrons/cm3 there may thus be an appreciable contribu- 

t i o n  t o  the  rotational temperature  due t o  e lec t rons ,  p a r t i c u l a r l y  i f  

I n  regions w h e r e  n ap- 

c~ is s m a l l .  

The mechanism for the exc i t a t ion  of molecular v ib ra t ion  by s l o w  

e l ec t rons  is poorly understood, and it  appears that  e a r l y  calculations(211 
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of cross-sections gave values considerably smaller than those ob- 

served (18). Schulz (22) in electron-beam experiments has observed 

large and rather broad peaks in the vibrational excitation cross- 

section for N and CO of the order of 1 x 10 -16 cm 2 in the range 2 

1 - 4 ev. 
tional excitation by 1 ev electrons occurs in a time T~~ = 2 x 10 /n sec 

and this mechanism is comparable to rotational excitation only if ~1 

If a comparable cross-section applies to CN then vibra- 

8 

is small. 

=itation bv - Slow Pro tons 

The excitation due to protons with energies in the range of 1 ev 

may be treated claooical ly  since the proton wavelength i o  rmall with 

respect to molecular dimensions. Collisions with impact paramters 

less than the molecular radius, even if effective in exciting higher 

molecular states, are of relatively small overall importance due to 

the small geometrical cross-section of the molecule. To calculate 

the effect produced by the Coulomb field of the proton at large im- , 

pact parameters it is then possible to use the method of virtual quanta, 

and it is most revealing to compare the resulting effective intensity 

of radiation I K black-body radiation intensity I 

We calculate that 

0 

T' directly to the 3 
P 

6 11 where v = 1.38 x 10 Cm/sec, v = 1.14 x 10 CpS, and b is the mini- 

mum impact parameter, which we take to be 2 A.  This calculation 
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neglects the reaction of the molecule on the proton, but since- (7) 
\ 

is rather insensitive to b this is probably inconsequential. 

We are led to conclude from (7) that protons represent the most . 
effective mechanism 

contribution to the 

for excitation of CN in H I1 regions, where their 

observed rotational temperature m a y  be substantial 

even under normal densities. It is noteworthy in this regard that 

Sharpless and Osterbrock (23) have found the density of ions in the 

extensive H I1 region surrounding 6 Ophiuchi to lie in the range 

5 - 24/m I and that MGnch(24) in another instance has been led to 3 

propose that CN molecules are being flashed off interstellar grains 

by an advancing ionization front. 

To shed further light on the location of the interstellar CN, 

and the question as to whether the observed rotational temperature is 

an accyrate measure of the cosmic microwaves or only an upper limit 

at 2.63 mm, it is clearly necessary to systematically study the several 

stars which show CN lines, and if possible under sufficient resolution 
w 

to exclude the possibility of saturation. It is gratifying in this 

respect that Field and Hitchcock(6) have now measured the rotational 

temperature for 6 Persei and find T = 3.0 kO.6 0 R 

, No other molecule liable to exist in the interstellar medium ap- 

pears to be as useful as CN for the purpose of studying the cosmic 

microwaves. 

in CH allows a rough upper limit of 10 OK to be set for the black- 

body temperature at 0.33 (Fig. 2),  Any diatomic molecule from the 

I 

The absence of any lines from excited rotational states 

I 

QJO group of atoms will have the required rotation constant, but 
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i 
1 
1 homonuclear molecules have of course no permanent dipole, and the 

resonance l ines  of CO and NO l ie  too far i n  the u l t rav io le t  to be 

observed from the ground, Their i n t e r s t e l l a r  lines'may w e l l  be even- 

tua l ly  detected from orbit ing observatories, b u t  t he i r  d ipole  moments 

i 

have been measured i n  the laboratory, and are k n o p  to be s m a l l ,  

W e  wish to  acknowledge several valuable discussions w i t h  NJ. W o o l f ,  

who first suggested to us tha t  the observations on interstellar CN set 

an upper bound to the cosmic f l u x  a t  m i l l i m e t e r  wavelengths, and con- 

versations w i t h  R- Bersohn, P.E. Cade, F.W. Dalby, G.B. Field, W. Hoff- 

1 

i 

1 
i 

i 

I 

mann, and G. a n c h .  W.C. Livingston and C.R. Lynds provided their 

image intenoif ier for  the observationr with the,ldcMath lolar ~ h 8 0 0 p O r  

and gave invaluable aBsistake. 
.i 
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Fig. 

Fig 

FIGURE CAPTIONS 

1 The CN violet band i n  the interste l lar  medium observed 
against C Ophiuchi with the McMath Solar Telescope. 

Measurements to date of the cosmic microwaves (after Roll 2 
+d Wilkinson, and Peebles). 
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